Observations of the 1 10 − 1 01 556.936 GHz transition of ortho-water with the Submillimeter Wave Astronomy Satellite (SWAS) have revealed the presence of widespread emission and absorption by water vapor around the strong submillimeter continuum source Sagittarius B2. An incompletely-sampled spectral line map of a region of size 26 × 19 arcmin around Sgr B2 reveals three noteworthy features. First, absorption by foreground water vapor is detectable at local standard-of-rest (LSR) velocities in the range -100 to 0 km/s at almost every observed position. Second, spatially-extended emission by water is detectable at LSR velocities in the range 80 to 120 km/s at almost every observed position. This emission is attributable to the 180-pc molecular ring identified from previous observations of CO. The typical peak antenna temperature of 0.075 K for this component implies a typical water abundance of 1. foreground layer of gas proposed previously as the origin of ammonia absorption observed toward Sgr B2.
Introduction
The Sagittarius B2 cloud represents the largest condensation of molecular gas and dust in the Galaxy. With a total gas mass of ∼ 4 × 10 6 M (Lis & Goldsmith 1989) concentrated within a region of size ∼ 30 pc, Sgr B2 exhibits the largest submillimeter continuum flux of any astronomical source outside the solar system.
The molecular inventory of the gas in Sgr B2 has been extensively studied by means of ground-based radio observations (e.g. Cummins, Thaddeus & Linke 1986; Turner 1989 Turner , 1991 Sutton et al. 1991; Nummelin et al. 1998 Nummelin et al. , 2000 . Such observations have been supplemented by far-infrared and submillimeter observations carried out from airplane altitude or from space. In particular, observations carried out over the past decade with the Kuiper Airborne Observatory (KAO; see Zmuidzinas et al. 1995) , the Infrared Space Observatory (ISO; see Cernicharo et al. 1997) In a earlier study of Sgr B2, we used SWAS to obtain the first high-spectral-resolution (∆v ∼ 1 km s −1 ) observations of H 16 2 O toward that source. In a previous paper (Neufeld et al. 2000 ; hereafter N00), we reported the detection of water absorption over a wide range of LSR velocities that can be attributed to water vapor in foreground clouds that are not associated with Sgr B2. We have since extended these observations to map (incompletely) a region of size 26 × 19 around Sgr B2. In the present paper, we describe these new mapping observations and discuss the abundance of water vapor in the vicinity of Sgr B2 itself.
Observations
Our mapping observations of Sagittarius B2 were carried out during the period 1999 March 20 through 2000 September 16. They yielded incomplete coverage of a region extending 9.6 North, South and East and 16.0 West of Sagittarius B2. In Table 1 we list the on-source integration times for each of 19 positions observed, together with the offsets relative to the core of Sgr B2 at position α = 17 h 47 m 19. s 7, δ = −28 • 23 07 (J2000). At 550
GHz the SWAS beam size is 3.3 × 4.5 and the main beam efficiency is 0.9 (Melnick et al. 2000) . All the data were acquired in standard nodded observations (Melnick et al. 2000) and were reduced using the standard SWAS pipeline. The reference (nod) position was located at α = 17 h 54 m 12. s 2, δ = −29 • 42 19 (J2000) in a region of devoid of strong CO emission 4 .
The total on-source integration time for these mapping observations was 90.4 hours.
Because SWAS employs double-sideband receivers, the 13 CO J = 5 − 4 transition at 550.927 GHz and the H 2 O 1 10 − 1 01 transition at 556.936 GHz are observed simultaneously in the lower and upper sidebands of one receiver (Receiver 2). For the mapping observations, the SWAS local oscillator (LO) setting was chosen to separate the 13 CO emission from Sgr B2 (at v LSR ∼ 65 km s −1 ) from any H 2 O emission or absorption at LSR velocities v LSR ≥ 0.
For the (0,0) position, several additional LO settings had previously been used (see N00) to allow the region −145 km s −1 ≤ v LSR ≤ 0 km s −1 to be covered as well without contamination by 13 CO emission from the lower sideband.
Results
In Figure 1 On each panel a pair of numbers, X/Y, describe respectively the continuum antenna temperature (which corresponds to the separation between the two dotted horizontal lines), and the antenna temperature (in K) at the top of the panel. The former is also given in Table 1 .
The feature at v LSR ∼ −90 to −50 km s −1 is a 13 CO emission feature detected in the lower sideband. In Figure 2 , we show the Receiver 2 data reduced as appropriate for the 13 CO line in the lower sideband; a strong feature at v LSR ∼ 65 km s −1 is observed at several positions close to Sgr B2. We note that the spectra in Figure 2 are not perfect mirror images of those shown in Figure 1 ; in particular, the 13 CO features are significantly narrower in the spectra that were reduced as appropriate for the lower sideband ( Figure 2 ). The reason for this behavior is that the SWAS LO setting is fixed in the rest frame of the spacecraft, which has a motion relative to the local standard of rest (LSR) that varies quite rapidly. In particular, the spacecraft orbits the Earth every 97 minutes with an orbital speed of 7 km s −1 (and -of course -the Earth also orbits the Sun.) In the standard SWAS pipeline, the necessary Doppler corrections are applied to every 2 seconds' worth of data, and the sign of the correction is opposite for the lower and upper sidebands. Thus any spectral line originating in the lower sideband will be smeared out as it appears in Figure 1 , while any line from the upper sideband will appear broadened in Figure 2 .
Although not the primary emphasis of this paper, for completeness we present additional spectra obtained for the 3 P 1 − 3 P 0 fine structure line of atomic carbon. These spectra, shown in Figure 3 , are obtained from Receiver 1 (upper sideband) on the SWAS instrument, which performs simultaneous observations of the CI 3 P 1 − 3 P 0 line in a linear polarization orthogonal to that observed with Receiver 2. There is no evidence for emission or absorption by the 487.249 3 1 − 3 2 transition of O 2 , to which Receiver 1 is sensitive in its lower sideband.
Discussion
Even a cursory inspection of Figure 1 reveals three significant features in the water spectra: (1) extended absorption, observed at almost every one of the 19 positions, covering the range −100 km s The presence of strong absorption at v LSR ∼ 0 allows us to estimate the continuum flux level, a quantity that is not reliably determined by the SWAS instrument. In particular, the zero flux level in Figure 1 and Table 1 is established on the assumption that the spectral region v LSR = -5 to 5 km s −1 is subject to complete absorption by water vapor in foreground material along the line-of-sight to Sgr B2. This assumption is motivated by the facts that (1) absorption at v LSR ∼ 0 km s −1 is observed at almost every position and is well separated from contamination from 13 CO emission in the lower sideband; and (2) the H The continuum antenna temperatures obtained by this method can be compared with continuum maps presented by Dowell et al. (1999) , who observed Sgr B2 with the SHARC instrument at the Caltech Submillimeter Observatory. In Table 1 Table 2 . Emission in this velocity range is also evident in the spectrum of Sgr A (Figure 4 ), although it is blended with a strong emission feature centered at v LSR ∼ 65 km s −1 . In Figure 5 , we show the average spectrum for those 14 positions near Sgr B2
that are devoid of apparent absorption at the Sgr B2 systemic velocity. The solid line is Gaussian fit to the average emission feature: its velocity centroid is 93 km s −1 , the line width is 43 km s −1 , the peak antenna temperature is 0.075 K, and the velocity-integrated antenna temperature is 3.4 K km s −1 .
This extended emission feature is kinematically similar to a highly extended emission component detected in 13 In Table 2 ratios, we have made use of a statistical equilibrium calculation for the line strengths. We adopted the rate coefficients of Flower & Launay (1985) for collisional excitation of CO by H 2 , and those of Phillips, Maluendes & Green (1996) for the typical total water abundance relative to H 2 within the "180-pc" molecular ring.
These water abundances inferred for the low density gas responsible for the v LSR ∼ 80 − 120 km s −1 extended water emission are two to four orders of magnitude larger than those measured within cold dense molecular clouds (e.g. Snell et al. 2000) . Thus the results obtained here from observations of water emission confirm our previous conclusion (N00) -based upon absorption line observations -that the water abundance is typically larger in low-density interstellar gas. The most plausible explanation lies in the density dependence 7 For both molecules, rate coefficients are separately available for collisions with ortho-and para-H 2 . In the case of CO, the calculated rate coefficients are very similar for collisions with ortho-and para-H 2 , and thus the results of the statistical equilibrium calculation show little sensitivity to the assumed ortho-to-ratio ratio (OPR) for H 2 . For H 2 O, by contrast, the rate coefficients for excitation by ortho-H 2 are typically an order of magnitude larger than those for excitation by para-H 2 ; the derived water abundances therefore depend upon the assumed H 2 OPR. Following Snell et al. (2000), we adopted the H 2 OPR expected in local thermodynamic equilibrium at the gas temperature.
8 i.e. we assume that each collisional excitation of the H 2 O 1 10 − 1 01 transition is followed by the emission of a line photon, even though the line is optically thick. of the water vapor abundance, which is illustrated in Figure 6 . This figure shows model predictions from the gas-grain model presented by Bergin et al. (2000) for three different molecular hydrogen densities. For lower densities the longer depletion timescales allow water vapor to exist in higher abundance. In dense regions, the abundance of water vapor is suppressed more rapidly by the depletion of oxygen nuclei onto icy grain mantles (Bergin et al. 2000 ).
Water abundance in Sagittarius B2
In a previous paper (N00), we published the spectra of H 2 O and H We have attempted to fit the SWAS-observed absorption at the (0, 0) position with the use of two models. In the first model, we follow Zmuidzinas et al. (1995, hereafter Z95; see also Neufeld et al. 1997) in assuming that the absorbing water vapor is mixed with the continuum-emitting dust in the core of Sgr B2 itself; whereas in the second model, we assume the water vapor to lie in separate intervening clouds -located close to Sgr B2 -that partially cover the continuum emission (see Ceccarelli et al. 2002 ).
Water vapor in the core of Sgr B2
In modeling the core of Sgr B2, we made use of a radiative transfer code very kindly made available by J. Zmuidzinas. This code yields a solution to the equations of statistical equilibrium for the water level populations -as a function of position within a sphericallysymmetric, dusty, molecular cloud core -using the method of Accelerated Lambda Iteration (ALI) to obtain a converged, self-consistent solution to the level populations and the radiation field. Ray tracing is then used to determine the spectrum observed by a telescope with a Gaussian beam profile of specified projected diameter. The density in the core of Sgr B2 was assumed to follow the profile of LG89, Model C, and the temperature of the gas and dust to follow the profiles assumed by Z95. The total continuum opacity was adjusted to match the observed (optically-thin) continuum emission at 550 GHz, with τ assumed to vary with wavelength as λ − In the upper panel of Figure 7 , the blue curve shows the fit to the H Taken at face value, the second deficiency -the fact that the observed H 2 O line is less 10 In order to fit the strengths of other, higher-excitation, H core, where the dust temperature was sufficient ( > ∼ 90 K) to cause the vaporization of water ice from grain mantles. Because the absorption in the 1 10 − 1 01 is completely dominated by material cooler than 90 K, the assumed presence or absence of enhanced water abundances in the region warmer than 90 K has no effect upon the fitting procedure adopted here. deep than the model predicts -would imply that the H 16 2 O abundance is much less than assumed in the model. In Figure 8 , middle panel, we show the line-center flux-to-continuumflux ratio -as predicted by the Zmuidzinas radiative transfer code -as a function of the assumed water abundance. The observed ratio ∼ 0. 25 The third deficiency of the simple model we considered is its prediction of narrow emission peaks at v LSR = 35 and 95 km s −1 ; this again is inconsistent with observed spectrum.
A "double-horned" structure is predicted because the 1 10 − 1 01 resonance-line photons that are excited collisionally within the cloud core are scattered significantly in frequency before they can escape the cloud. The top and bottom panels in Figure 8 show the predicted lineto-continuum ratios in these peaks and the predicted frequency offsets from line center (in velocity units).
The observed absence of the blue-shifted horn is naturally explained by the known presence of foreground absorbing material at v LSR ∼ 33 km s −1 . The absence of a red-shifted horn could easily be explained if the velocity dispersion increases slightly with increasing distance from the core center; such an increase would lead to the red-horn photons being spread over an spatially-extended region, leading to a decrease in the observed surface brightness relative to what is predicted by our constant velocity-dispersion model (see discussion in N00).
Water vapor in an intervening cloud
As an alternative means of interpreting the H 2 O and H
18
2 O absorption towards the (0, 0) position in Sgr B2, we have fitted the spectrum with a series of absorption features that are assumed to originate in foreground molecular gas outside the core of Sgr B2. In this picture -favored by H95 and by Ceccarelli et al. (2002; hereafter C02) for the origin of the NH 3 absorption observed toward Sgr B2 -the absorption originates in warm, low-density gas located outside the central core of Sgr B2 itself. According to C02, ISO observations of far-infrared NH 3 absorption lines imply a gas temperature ∼ 700 K, while the absence of observable far-IR CO emission places an upper limit n(H 2 ) < ∼ 3×10 3 cm −3 on the gas density;
in the best-fit model of C02, the warm absorbing gas is located at a distance ∼ 1.15 pc from the center of the Sgr B2 core.
In fitting the SWAS-observed H 2 O and H The line widths and NH 3 column densities inferred by H95 for these absorption components are listed in Table 3 .
We regarded the velocity centroids and line widths for these four components to be fixed in our fitting of the SWAS-observed H 2 O and H O rotational states, we find the observed 108 µm equivalent width to be consistent with the best-fit optical depths and covering factors derived from the SWAS observations (Table 3) . Unfortunately, the 108 µm line lies on the flat part of the curve-of-growth, so the observed equivalent width does not place strong constraints upon the physical conditions in the absorbing material.
The absorbing column densities implied by the H Table 3 . The beam-averaged, minimum total column density -weighted by the continuum antenna temperature -is N(H We have used a statistical equilibrium model for the H 18 2 O level populations to estimate the correction factor (f 01 − f 10 ) −1 . In Figure 9 , we plot the values of f 01 , f 10 and their difference f 01 − f 10 as a function of the radiation field. Here we follow C02 in assuming that the far-infrared continuum radiation originates in a region of radius R FIR = 0.8 pc, and determine the H 18 2 O level populations as a function of the "dilution factor", W . The spectral shape of the far-infrared continuum source was obtained from Pipeline-10 archived ISO LWS grating spectra and re-processed using the ISO Spectroscopic Analysis Package version 2.1.
12 The dilution factor is defined such that the solid angle subtended by the far-infrared continuum source is 4πW at the location of the absorbing water vapor. It is related to the distance, R, from the center of Sgr B2 (top horizontal axis in Figure 9 ) by the expression W = 1 2
Solid curves in Figure 9 show results for the temperature and density favored by C02 for the absorbing material: an H 2 density of 3 × 10 3 cm −3 and a gas temperature of 700 K. Dotted curves show the results obtained for the same assumed temperature but with the density increased by a factor of 10.
Two features of Figure 9 are noteworthy. First, the level populations are not greatly affected by a factor 10 increase in the assumed density. This behavior is explained by the fact that the gas density is very much smaller than the "critical density" for the 1 10 −1 01 transition; the excitation of this transition is therefore controlled by the radiation field. Second, the quantity f 01 − f 10 is close to unity unless the absorbing material is located very close to the center of the Sgr B2 core. For the distance of 1.15 pc favored by C02, corresponding to W = 0.15, the value of f 01 − f 10 is 0.8 and the correction factor (f 01 − f 10 ) −1 is only 1.25.
Significantly smaller values of the distance of the absorbing material from the cloud core are ruled out by the requirement that the absorbing water vapor must lie in front of most of the emitting dust. We conservatively adopt an upper limit of 1.5 for the correction factor
Using the analysis method of §4.3.2, where the water absorption is assumed to arise in a foreground cloud of warm, low-density material, our estimate of the beam-averaged H As noted by Flower et al. (1995) -and contrary to the assertion of C02 that there is no discrepancy -the observed water column density lies an order of magnitude below the predictions of shock models for the warm, absorbing gas layer in front of Sgr B2. Recent observations of high OH abundances in Sgr B2 ) may provide an explanation of the discrepancy between theory and observation. As suggested by Goicoechea & Cernicharo, if the shocked gas is irradiated by strong ultraviolet radiation from a population of hot stars, then photodissociation will reduce the H 2 O abundance and increase the OH abundance. Further chemical modeling is needed, however, to determine whether this explanation is either quantitatively plausible or consistent with the large observed abundance of NH 3 in the absorbing gas. 13 We note that this value is substantially smaller than an estimate of 10 15 cm −2 given by C02 for N (H O at the (0, 0) position in Sgr B2. Although the first method -in which the water vapor and dust are assumed to be well mixed in the cloud core -yields a fit to the data which is inferior to that of the second method -in which the water vapor is assumed to lie in a foreground gas cloud -the poorer fit can be ascribed to the fact that the assumed velocity structure was far simpler in the first analysis method. On the basis of the SWAS data alone, therefore, we do not find compelling evidence to favor one picture over the other.
14
In principle, both the cold core and a warm intervening cloud might contribute to the observed water absorption. Insofar as the water column densities involved add linearly, we may conclude that
where 
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